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were used to test the hypothesis that endometrial gene expression patterns differ between dairy cow strains classified as fertile and subfertile (22, 31) . High-quality blastocyst-stage embryos were transferred to estrus-synchronized dairy cattle from fertile and subfertile strains. Endometrial tissue was obtained at day 17 of pregnancy, and microarrays were used to characterize differences in transcriptional profiles.
METHODS

Animals and treatments.
All procedures were undertaken with the approval of the Ruakura Animal Ethics Committee (Hamilton, New Zealand). The estrus cycles of 14 lactating dairy cows were synchronized [at 58.8 (SE 3.77) and 60.2 (SE 1.51) days postcalving in dairy cows of subfertile and fertile strains, respectively; each cow received a single embryo transferred on day 7 of the estrus cycle. The estrous cycles of the animals were synchronized by a controlled intravaginal drug-release device containing progesterone (1.38 g, CIDR-B; Pfizer Animal Health Group, Auckland, New Zealand) and 2 ml estradiol benzoate (2 mg im; CIDIROL Bomac Laboratories, Auckland, New Zealand) for 8 days (day of insertion day Ϫ8) with all animals receiving two 2 ml injection of sodium chloprostenol (500 g, EstroPlan; Parnell Laboratories NZ, Auckland, New Zealand) 6 days (an injection in the morning and afternoon) after controlled internal drug release (CIDR) device insertion. All animals received a 2.5 ml injection of a gonadotropin-releasing hormone (GnRH) analog buserelin (10 g Receptal; Intervet, Auckland, New Zealand), given 24 h after CIDR device removal. The day after GnRH injection was day 0 of the synchronized estrous cycle.
Embryos were at the blastocyst stage of development and of grade 1 quality. Embryos were produced from oocytes recovered from ovaries collected at the abattoir. The origin and reproductive history of the donor cows were unknown. Animals were slaughtered at day 17 of the reproductive cycle, and endometrial tissues (both caruncular and intercaruncular) were sampled. Selection criteria for the study included strain and calving date, and health postcalving was an exclusion criterion (cows with severe uterine infections or mastitis were excluded before being enrolled in the embryo transfer round). Cows in each strain were matched for calving number and age. A total of 12 pregnant animals out of the 14 enrolled in the study were utilized, due to the associated costs of slaughtering the cows. These animals represented fertile (six Holstein-Friesian cows with New Zealand ancestry/Յ30% North American genetics, n ϭ 6, NZ) and subfertile (six Holstein-Friesian cows with Ͼ87% North American ancestry, n ϭ 6, NA) phenotypes of Holstein-Friesian dairy cows (14, 15, 22, 31) . In brief, Holstein-Friesian dairy cow strains of NA ancestry have poorer oocyte and embryo quality, lower conception rate to first and second services, and lower 6 wk pregnancy rate and overall lower pregnancy rate compared with NZ strain Holstein-Friesian dairy cows. Gene expression differences between the two strains in nonreproductive tissues have been published previously (20) . Detailed methods and production data for the cows used in this study have been published previously (36) .
Uterine flushings. Each horn of the uterine tract was flushed with 20 ml of saline and the uterine luminal fluid (ULF) recorded as being ipsilateral or contralateral to the ovary containing the corpus luteum (CL). Trophoblast (embryo) recovered from the uterine flushings were measured with a confocal light microscope and a ruler. The elongated trophoblast tissues were not tangled during flushing and were therefore easily measured. Embryo viability was not tested directly. The ULFs were centrifuged to remove cellular debris then lyophilized and reconstituted with distilled water containing a cocktail of protease inhibitors (Complete, Roche) before being dialyzed. The protein concentration was measured (8) , and samples stored at Ϫ20°C until analyzed.
Western blotting. Western blotting procedures as previously described (44) were used to quantify protein. Briefly, ULF samples containing either 20 or 100 g of total protein and 2 l human serum control in 50% glycerol, 0.5 M Tris·HCl, pH 6.8 loading buffer were applied to 12 or 15% SDS-polyacrylamide gels and subjected to electrophoresis and then electroblotted onto reinforced nitrocellulose membrane (BioTrace NT). Protein was detected using anti-IFN (gift from Dr. R. M. Roberts, University of Missouri, Columbia, MO) at 1:2,000. Bound antibody was visualized by chemiluminescence (luminol, Sigma-Aldrich) or SuperSignal West Femto Maximum Sensitivity Substrate (Pierce, Rockford, IL), and bands quantified using Quantity One software (Bio-Rad Laboratories, Hercules, CA).
Statistical analyses. To test for possible differences in embryo size, IFN concentration, and progesterone concentration across the 17 days of the experiment, a Student's t-test was utilized. To test for a possible interaction effect of day and strain on progesterone, it was necessary to log transform the data because of heterogeneity of the variance on different days. Log10 progesterone was analyzed in a repeated-measures analysis using mixed models including day, strain, and the interaction of day with strain as fixed effects and cow as a random effect, modeling the within-cow repeated measurements with a compound symmetry covariance structure.
RNA extraction. Tissues were homogenized in Qiagen buffer RLT (QIAGEN, Hilden, Germany) using FastPrep Lysing Matrix D tubes in a FastPrep instrument (MP Biomedicals, Solon, OH).
Total RNA was extracted using a Qiagen RNeasy kit (cat. #74104, QIAGEN). RNA quantity was determined by spectrophotometry using a Nanodrop ND-1000 (Nanodrop Technologies, Wilmington, DE). RNA integrity was assessed with the Agilent 2100 Bioanalyzer with a RNA 6000 Nano LabChip kit (cat. #5067-1511; Agilent Technologies, Palo Alto, CA).
Microarray. We amplified 1 g of RNA was using the amino Allyl MessageAmp aRNA kit (cat. #AM1751; Ambion, Austin, TX) to generate amino allyl-modified aRNA for use in microarray hybridization. aRNA quantity was measured by spectrophotometry using a ND-1000 (Nanodrop Technologies).
We then vacuum-dried 5 g of aRNA and labeled it with Cy3 and Cy5 NHS ester (Amersham Cy3 and Cy5 Mono-Reactive Dye Packs, cat. #PA23031 and PA25031; GE Healthcare UK, Buckinghamshire, UK). Labeled aRNA was then purified on column, and labeling efficiency was determined by spectrophotometry using the Nanodrop 1000.
We added 825 ng of Cy3-and Cy5-labeled and fragmented aRNA to Agilent 44k 60-mer oligonucleotide microarrays (G2514F), hybridized it overnight (17 h), washed, and air-dried it according to the manufacturer's instructions (Agilent Gene Expression Hybridization Kit 60-mer oligo microarray protocol version 4.0). Arrays were scanned with the Agilent DNA microarray scanner.
Hybridization design. A total of 25 microarrays were used in this study, one for each tissue type of the 12 animals and one technical replicate. A reference sample was used, made from equal amounts of RNA from the 24 endometrial samples analyzed in this study and an additional 10 from a related study (54) . This pooled sample was used as a "reference" in each array hybridization. The reference sample was labeled with the Cy3 NHS ester dye, while each individual sample was labeled with the Cy5 NHS ester dye.
Data analysis and statistics. Agilent feature extraction software version 7.1 was used to analyze the scanned Agilent microarray. The 25 scanned microarray image files were uploaded to the feature extraction software. Using a design file (015354), the feature extraction software locates features and converts the extracted data from each feature into a quantitative log2 ratio. The software removes pixel outliers, performs statistical tests on the nonoutlier pixels, subtracts background from features, and flags any outlier features. The software was then used to perform a LOWESS (locally weighted linear regression analysis) dye normalization and to calculate a P value for each feature.
Data analysis was performed with Genespring GX11. (Agilent). Microarray data were imported into Genespring using Agilent's twocolor "Enhanced FE" import scenario, which included "Per Spot: Divide by control channel" and "Per Chip: Normalize to 50th percentile" normalization steps.
Filters applied to the data to improve the quality of the normalized dataset included: first, filtering "on flags" to ensure any probes that were not deemed "present or marginal" (according to feature extraction spot quality guidelines) in at least 12 of the 24 samples were omitted from analysis; second, probes that did not have a minimum threshold of 80 raw intensity units in at least 12 of 24 samples were also omitted from analysis. The raw intensity cut-off value of 80 was determined based on the base over proportional (C ϭ a/b) calculation, which is generated by plotting the standard deviation of normalized values against the control values. The point at which the curve flattens out is where the data measurement becomes reliable or where C (control strength) ϭ a/b (where a ϭ base and b ϭ the proportional coefficient). Comparisons between fertile and subfertile strains were carried out using ANOVA with significance thresholds set at P Ͻ 0.05; multiple testing corrections (Benjamini-Hochberg), and post hoc tests (Tukey) were also applied. The four parameters used for ANOVA of fertile and subfertile animals were caruncular pregnant with a large embryo, caruncular pregnant with a small embryo, intercaruncular pregnant with a large embryo, and intercaruncular pregnant with a small embryo. Small embryos were classified as those being Ͻ20 cm (mean: 10 Ϯ 2.6 cm) in length and weighing Ͻ40 mg (mean: 19 Ϯ 5.9 mg, 5 embryos). Large embryos were classified as those being Ͼ20 cm (mean: 36 Ϯ 4.9 cm) and weighing Ͼ75 mg (mean: 158 Ϯ 33 mg, 7 embryos). The genes with P value Ͻ0.05 for the above comparisons were extracted from the Genespring Tukey comparison table. These lists were then used for GeneGO functional analysis. Probes with a P value Ͻ0.001 from this gene list were used for clustering analysis. Hierarchical clustering was used to cluster the probes and slides, and the results are shown in a heat map. The R software package was used for this analysis (46) . The microarray data were uploaded to National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GSE19140). For probes that were not annotated, full-length transcripts were identified where possible by querying microarray probe sequences against the bovine genome (Btau5.1) using NCBI BLAST (http://blast.ncbi. nlm.nih.gov/Blast.cgi).
Gene function and pathway identification. Functional analysis was performed using MetaCore (GeneGo) and Gene Set Enrichment Analysis (GSEA). Gene lists containing differentially expressed genes for each comparison tested in the ANOVA were used for analyses with MetaCore to identify significantly enriched pathway maps. All entities in the microarray were used for GSEA. Twenty pathway maps exported from Metacore that were predicted to be enriched were submitted for analysis (Supplementary Table S1 ). 1 GSEA ranks genes based on the correlation between their expression and the class distinction. Given an a priori defined set of genes, GSEA determines whether the members of the gene set are randomly distributed throughout the ranked gene list or are primarily found at the top or bottom of the list. An enrichment score (ES) is calculated that reflects the degree to which the gene set is overrepresented. The statistical significance (nominal P value) of the ES is estimated by a phenotypebased permutation test. The estimated significance is adjusted for multiple hypothesis testing by normalizing the enrichment score (NES) and then calculating the false discovery rate (FDR) corresponding to each NES. The GSEA user manual recommends an FDR cut-off of 25% for significant enrichment of a particular gene set using the phenotype permutation-based method.
cDNA synthesis. We used 1 g of an RNA sample for cDNA synthesis using the Invitrogen Superscript III Supermix kit (cat. #11752; Invitrogen, Carlsbad, CA). Total RNA was transcribed according to the manufacturer's instructions using 27 M of random pentadecamers. In brief, RNA and random primers were mixed and denatured at 65°C for 5 min, followed by 1 min on ice. Annealing buffer and Superscript/RNase were added to samples and incubated for 10 min at 25°C (primer annealing), followed by 50 min at 50°C and 5 min at 85°C to inactivate the enzyme. Reverse transcription controls were performed, whereby the above process was completed without the addition of superscript enzyme.
Quantitative real-time PCR. Real-time PCR using the Roche Lightcycler 480 was performed using the Roche real-time PCR master mix (Lightcycler 480 Probes Master) in combination with Roche Universal Probe Library (UPL) assays. Assays were designed using Roche UPL design software (cat. #04887301001 and 04683633001; Roche Diagnostics, Mannheim, Germany). All assays were designed to span an intron-exon boundary, to prevent amplification of DNA during real-time PCR.
The PCR reaction volume was 10 l, consisting of 0.5 M of each primer and 0.1 M of probe. Standard cycling conditions were used [95°C for 10 min, (95°C for 10 s, 60°C for 30 s) ϫ 50 cycles, 40°C for 40 s]. All reactions were performed with a 1/10 dilution of cDNA.
Each PCR experiment included reactions in which the cDNA template was replaced by water, and reactions omitting reverse transcriptase were used as negative controls. Triplicate measurements were performed for all samples and standard curves. The percent coefficient of variation for Cps was calculated for each sample. All samples for each gene were run on the same plate.
Absolute quantification. The Roche Lightcycler 480 software was used to perform absolute quantification analysis of gene expression using the standard curve second derivative maximum analysis method, which is a nonlinear regression line method. A six-point standard curve of serial dilutions of a cDNA sample (from an unrelated endometrial sample) was used, with a starting concentration of 1 and final concentration of 1.6E-03 relative units.
Relative quantification. The Roche Lightcycler 480 Software was used to perform quantification using the "advanced relative quantification analysis" algorithm. Two endogenous control (SUZ12 and ZNF131) genes were used to normalize the data, taking the geometric mean of the normalized ratio of target gene to each reference gene. These genes have been previously demonstrated to be suitable for normalizing in endometrial tissue in the samples used in this study (53) . A calibrator sample was then used as a control, whereby each calculated expression value was normalized to the calibrator sample.
The RT-PCR results were compared with those obtained using the microarray for several genes of interest. A previous publication on the same study had confirmed microarray results for several genes that were not differentially expressed according to microarray analysis (53) . Gene expression of nine genes of interest (ARG1, CXCL10, CXCL11, IDO, OAS2, OXTR, PTX3, SLC2A1, and SPP1) was quantified for this study. Correlation coefficients were calculated for all genes to compare the calculated gene expression data from qRT-PCR and the microarray data.
RESULTS
Differentially expressed genes.
A total of 482 and 1,021 differentially expressed transcripts (corrected P value Ͻ 0.05) were identified in intercaruncular and caruncular tissue, respectively, in the fertile and subfertile dairy cow strains (Supplementary Table S1 ).
Trophoblast growth, plasma progesterone concentration, and uterine fluid IFN concentration. Embryo length at day 17 of pregnancy was not affected by dairy cow strain. However, there was greater variability in the length of embryos recovered from the subfertile strain of dairy cow (mean Ϯ SE fertile: 21 Ϯ 3 cm; subfertile: 28 Ϯ 9 cm). Plasma progesterone concentration was not significantly different between the fertile and subfertile groups at day 17 of pregnancy. However, average daily progesterone during the experimental period (day 1-17 of pregnancy) was greater (P Ͻ 0.05) in fertile cows (fertile: 3.8 ng/ml; subfertile: 3.0 ng/ml, SED 0.37 ng/ml: Fig. 1 ). There was no significant interaction effect (P ϭ 0.53) of strain with day. Uterine fluid IFN concentration did not differ in fertile and subfertile dairy cow strains (Table 1 t-test, P value ϭ 0.41).
Molecular and biological function and pathway analysis. Functional analyses utilizing GeneGO Metacore and GSEA revealed several pathways that were significantly enriched in the comparison of fertile and subfertile animals. In caruncular endometrium, several pathway maps relating to the immune response were identified by GeneGO. Additionally, GSEA Fig. 1 . Daily plasma progesterone concentration (ng/ml) during the estrous cycle leading to endometrial tissue collection in fertile (n ϭ 6) and subfertile strain dairy cows (n ϭ 6). The data represent the raw means (Ϯ SE). The time of embryo transfer is indicated by the gray bar. Average daily progesterone during the experimental period (day 1-17 of pregnancy) was greater (P Ͻ 0.05) in fertile cows (fertile: 3.8 ng/ml; subfertile: 3.0 ng/ml, SED 0.37 ng/ml). There was no significant interaction effect (P ϭ 0.53) of strain with day. GnRH, gonadotropin-releasing hormone. revealed enrichment for several immune response pathways in the caruncular endometrium of fertile animals. In the intercaruncular endometrium, pathway maps relating to signal transduction and development processes were identified by GeneGO. There was no significant enrichment for pathways identified in intercaruncular endometrium using GSEA. Results from these analyses are presented in Tables 2, 3, and 4  and Supplementary Table S2 .
Clustering analysis. The microarray data for each sample were clustered initially into caruncular and intercaruncular tissue types. The caruncular tissue then clustered into large and small embryo size and, within each of these, fertile and subfertile cows (with two exceptions). The intercaruncular tissue clustered into subfertile and fertile cows and then, within each of these, large and small embryo size. The results of this analysis are presented in Fig. 2 .
Relative quantitative real-time PCR confirmation of microarray results. Relative qRT-PCR was used to confirm microarray results. Candidate genes were chosen to represent genes with known functional importance in pregnancy and genes that were identified as being differentially expressed in the microarray analysis. Expression levels of nine genes of interest (ARG1, CXCL10, CXCL11, IDO, OAS2, OXTR, PTX3, SLC2A1, and SPP1) were quantified, and the correlation between qRT-PCR and microarray calculated (Table 5 , Fig. 3 ). All qRT-PCR gene expression data were positively correlated with microarray data and the magnitude of expression differences were consistent between the two measures of gene expression.
DISCUSSION
The hypothesis that endometrial gene expression patterns differ between dairy cow strains classified as fertile and subfertile was tested. An unsupervised approach was undertaken to identify pathways enriched in the dataset, irrespective of their established role in early pregnancy. In addition, the hypothesis that endometrial gene expression patterns in biological processes associated with fertility differ between dairy cow strains classified as fertile and subfertile was tested. Functional analysis revealed enrichment for several pathways, some of these pathways have been characterized as being important regulators of early pregnancy events, while others are less well established in the context of early pregnancy in the ruminant. Pathways implicated in the process of immune tolerance to the embryo were enriched in fertile cows, as were genes that have roles in preventing luteolysis and embryo signaling through the secretion of histotroph. These results provide evidence that endometrial physiology may be contributing to the inferior reproductive performance of the subfertile dairy cow.
Immune response to pregnancy. Functional analysis revealed enrichment for several pathways relating to the immune response in the comparison of fertile and subfertile animals in the caruncular endometrium. Pathways that regulate the immune response were downregulated in subfertile animals, suggesting that downregulation of this response could be a contributing factor to their subfertile phenotype. Co-ordinated modulation of the immune response is essential for successful pregnancy. Genes involved in the immune response to pregnancy and in particular those stimulated by IFNs are common features of several recently published studies investigating gene expression during the preimplantation period in cattle (3, 4, 28, 33, 34) . In addition, enrichment of pathways relating to the immune response was restricted to the caruncular endometrium, consistent with a previous study comparing significant biological functions in caruncular and intercaruncular endometrium (33) .
The contribution of the immune response to pregnancy success has recently been highlighted in several studies in Bos taurus. Salilew-Wondim et al. 2010 (47) investigated differences in endometrial gene expression at day 7 of pregnancy in animals that were receptive or nonreceptive to pregnancy. Results indicated early pregnancy loss may be the result of immune rejection, as evidenced by a decrease in expression of immune system-related genes in the receptive endometrium. Beltman et al. 2010 (6) also noted the importance of the immune response in early embryo loss. In their study, endometrial gene expression was investigated in relation to the production of normal or retarded embryos at day 7 of pregnancy. Genes involved in the immune response were differentially expressed in animals that produced retarded or normal embryos.
There are several mechanisms that enable the immunologically foreign embryo to survive in the maternal environment, including the expression of genes that promote immune tolerance to the embryo (37, 38) . In this experiment, embryos were transferred from donor oocytes, and, therefore, the embryo was completely foreign to the maternal system rather than being only semiallogenic. This could have implications within the context of the immune response to pregnancy. Several genes involved in this process were downregulated in the subfertile cows, including the amino acid-metabolizing enzymes ARG1 and IDO. These genes are upregulated during pregnancy in cattle (54) , where it is hypothesized they are acting to prevent an adverse immune response. In mice, expression of IDO prevents an adverse immune response to the embryo through depleting the microenvironment of essential amino acids and thereby suppressing T-cell activity (40) . Cells expressing IDO are protected against possible tryptophan starvation through expression of TTS/WARS (21) . This gene is upregulated during pregnancy in cattle (54) . IDO-expressing cells may be protected against tryptophan starvation through the generation of a reservoir of tryptophan via the formation of tryptophantRNA complexes (21). Other differentially expressed genes that may be regulating the immune response during early pregnancy include the chemokines CCL16, CXCL10, and CXCL11. The chemokine CCL16 was upregulated in subfertile dairy cows. This chemokine has been reported to enhance cytotoxicity of T cells and stimulate the production of proinflammatory cytokines in mice (9, 27, 43) . Additionally, the chemokines CXCL10 and CXCL11 were downregulated in the subfertile cows.
These chemokines are upregulated in response to pregnancy and are believed to attract immune tolerance-promoting uterine natural killer cells to the site of implantation in humans (13, 17, 18, 30) . These chemokines are also hypothesized to attract the trophoblast to the endometrium, and CXCL10 promotes adhesive activity of the trophoblast, through stimulation of integrin expression in ruminant species (23, 24, 41, 42, 51) . Chemokines in the uterus may have multiple roles in the bovine uterus, including promoting tolerance to the embryo and regulating attachment of the embryo to the endometrium.
Several genes of the innate immune response were differentially expressed in fertile and subfertile animals. Upregulation of innate immune system genes during early pregnancy may function to protect the endometrium and embryo from possible infection during a time of local immune suppression. The canonical pathways for the complement system were some of the most significantly enriched pathways in the GSEA functional analysis. Several genes of the complement system were downregulated in subfertile animals. Additionally, the TLR3 and TLR4 pathway was significantly enriched in the fertile animals. Genes that prevent immune system attack on the embryo were also downregulated in the subfertile cows. For example, pentraxin 3 (PTX3), which acts to prevent complement-mediated attack and is upregulated in response to pregnancy in humans (45) , was downregulated in subfertile dairy cows. Interestingly, these genes were only downregulated in the caruncular endometrium.
In general, expression of genes regulating the immune response were more divergent in the caruncular endometrium, with some genes differing only in the caruncular endometrium. This could be due to the differing roles of the two tissues and the difference in immune cell populations present in the two tissue types in cattle (29) .
The differential expression of these genes suggests embryo loss in subfertile dairy cows may be caused, at least in part, by insufficient tolerance of the maternal immune system to the preimplantation allogenic embryo.
Pregnancy recognition and embryo signaling. Genes expressed in response to the presence of the embryo and genes implicated in regulating maintenance of the CL were downregulated in the subfertile cows. During early pregnancy, the embryo signals its presence to the maternal system to prevent luteal regression and establish pregnancy. The primary signaling molecule used by the embryo is IFN, which signals via the JAK-STAT pathway by binding to the IFN receptors present on the luminal epithelium of the endometrium (7) . Although the concentration of IFN in the uterine fluid did not differ between fertile and subfertile dairy cows, genes upregulated in C3, CFI, SERPING1, C2, C4A, C1S, C7, C5, C6, C5AR1, C3AR1, CRP, C1QB, ITGB2, C4BPA, C1QA, CLU, C8A, C8B, MAP2K1, RELA, IL6, IL12B, CCl2, IL8, BCL10, CSF2, TLR4, NFKBIB, PIK3CA, TREM1, AKT2, IL2, PIK3R1, JUN, ITPR1, TLR2, IPR3 RELA, IL6, IL8, IRAK1, TLR4, CXCL10, TLR6, NFKBIB, RELB, CD14, FN1, NFKB2, TLR7, IL4, LBP, CCL11, SFTPA1, JUN, TLR2, IRAK3,  MAP2K3, IRAK2, NFKBIA, IKBKB, TLR9, IRAK4, CCL20, TAB2, BECN1, LY96, MAP3K14, TLR5, CHUK, TLR8, MYD88, TIRAP   Table shows gene sets that were significantly enriched for in the comparison of fertile animals. Gene sets with n FDR Ͻ25% were considered significantly enriched. Core enrichment genes are in boldface. These genes contribute most to the enrichment result. GSEA, Gene Set Enrichment Analysis.
response to IFN signaling were differentially expressed. Several pathways regulating the response to IFNs were enriched for in the fertile caruncular endometrium. In addition, several genes that are stimulated by IFNs were downregulated in subfertile animals, including IFIT3, IFITM1, IFI44, IFI44L, ISG20, and RSAD2.
The most significantly enriched pathway in the caruncular endometrium was the signal transduction PKA signaling pathway. This pathway was also significantly enriched for in the intercaruncular endometrium. PKA activation regulates a diverse range of processes including estrogen actions (26) . Activators of PKA can enhance transcriptional activity of genes in response to estrogen (26) . Several genes are activated by estrogen in the ruminant uterus, including the luteolytic OXTR (48, 49, 56) , which was upregulated in subfertile animals. Therefore, greater PKA activation in subfertile animals may be influencing pregnancy outcome through enhancing transcription of genes such as OXTR in response to estrogen.
The presented expression profile suggests a dampened response to IFN signaling, and differential regulation of eicosanoid production during early pregnancy may contribute to early embryo loss in the subfertile dairy cow. Differential regulation of transcription in response to IFN could be the result of differences in genetically or epigenetically regulated transcriptional efficiency in this pathway.
Several pathways identified as being enriched in the functional analysis may regulate the production and transport of histotroph to the embryo. During early pregnancy and the estrous cycle the endometrium is under the influence of the steroid hormone progesterone. Progesterone concentration was greater in fertile cows across the 17 days. Under the influence of progesterone, the endometrium undergoes structural changes, in- The correlation coefficient between qRT-PCR and microarray data. Primer Sequences and UPL probe used for qRT-PCR assay.
cluding remodeling of the extracellular matrix, and changes in the proteins expressed on its luminal surface, such as adhesion molecules of the glycocalyx (5). Additionally, the endometrium expresses chemotactic molecules to attract the trophoblast (55) . In ruminant species, progesterone concentration can affect nourishment of the embryo through modification of endometrial gland number and function, which leads to alterations in histotroph secretion and content (50) . Histotroph secretions are vital for embryo growth and development as well as providing a communication channel to the embryo. Greater progesterone concentrations are also associated with greater embryo growth in cattle (32) . Several studies have implicated greater progesterone concentration during early pregnancy in promoting pregnancy success (10, 11, 19) . However, the difference in progesterone between fertile and subfertile dairy cows in this study was small compared with studies where progesterone concentration at day 3 was elevated to concentrations typically reached at later stages of the cycle. Pathways regulated by transforming growth factor (TGF)-␤ including the "Activin A" signal transduction pathway were enriched for in the intercaruncular endometrium. These pathways were upregulated in subfertile animals. Consistent with this finding, FST, an antagonist of activin and other TGF-␤ ligands was downregulated in subfertile dairy cows (25) . FST also regulates myostatin, a secreted TGF-␤ family ligand that is downregulated during early pregnancy (54) . Myostatin may be an important regulator of glucose availability to the embryo, through regulation of glucose in endometrial histotroph secretions and, later, for fetal development, through regulation of placental glucose transport (2, 35, 39) . The glucose transporter SLC2A1 was downregulated in the caruncular tissue of subfertile dairy cows.
The differential transcriptional profile of the fertile and subfertile dairy cow strains indicates that failure to provide an optimal uterine environment for embryonic growth and development may contribute to the inferior reproductive performance of the subfertile dairy cow strain.
Conclusion
Genes essential for the successful establishment of pregnancy are differentially expressed in the endometrium of fertile and subfertile dairy cow strains. Genes implicated in the process of immune tolerance to the embryo and those that have roles in preventing luteolysis and supporting embryo growth and development were downregulated in the subfertile cows. Results suggest that endometrial physiology contributes to the poor reproductive performance of the postovulatory subfertile dairy cow.
